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flow and an inferior layer of blood flow and vessels with a center of aqueous flow surrounded by layers of blood above and below. The detection of aqueous veins confirmed a continuous evacuation of aqueous from the eye and indirectly confirmed local formation of aqueous for homeostasis (Ascher, 1942) . Through a diversity of drainage angles and functional structures across species, comparative animal studies have broadened the understanding of glaucoma. Due to their contribution to the understanding of hypertension and spontaneous or induced glaucoma, animal models have also facilitated the development of therapeutic strategies, which could not have been developed otherwise.
Natural-occurring glaucoma models
A variety of natural-occurring glaucoma models have been described in different animal species. Kolker et al. (1963) described a group of albino New Zealand rabbits that exhibited spontaneous alterations in trabecular mesh development. These rabbits presented a reduction in the number of lamelles, increased inter-cellular spaces between lamelles, vacuolation of the endothelial cells, and fragmentation of the basal cell. The description of these alterations gave ground to the hypothesis that a reduction in the structural support of the trabeculae could be the cause of elevated IOP. In addition, high fibrin levels detected in the aqueous humor suggested that the obstruction of aqueous evacuation associated with elevated IOP could be a result of fibrin accumulation. However, the rabbit is an inadequate animal model for studying alterations in the retina or its vascularization in glaucoma due to the absence of a lamina cribosa, the partial myelinization of the optic axons within the retina, and the existence of a prominent vasculous sac. Later observations by veterinary ophthalmologists led to the development of a dog model of closed angle glaucoma in Beagles, Cockers, and Basset hounds. Cockers develop glaucoma at an early age, whereas Beagles and Bassets begin to develop the disease between 6 and 12 months of age (Gelatt et al., 1977) . Beagles expressing autosomal recessive phenotype present a pre-glaucoma stage characterized by increased IOP and an open angle. The angle begins to close within 2-3 years as the glaucoma develops. Chronic pressures of 30-40mmHg with transient peaks of up to 60 -80 mmHg can induce excavation of the optic nerve head. In these animals, glaucoma can be treated pharmacologically with drugs utilized in humans including pilocarpine, epinephrine, acetazolamide, and dichlorphenamide. In 1974, Gaasterland et al. developed the first laser model of glaucoma in non-human primates, predating the description of spontaneous glaucoma in dogs. In 1993, a group of Macque monkeys in quay Santiago was characterized by a maternal inheritance pattern associated with a 40% prevalence of increased IOP. Affected animals exhibited a loss of retinal ganglion cells, excavation of the optic nerve, and electrophysiological evidence of damages in the retina peripheral field (Dawson et al., 1993) . Similar to humans, the disadvantage of a naturally occurring glaucoma model in non-human primates is the difficulty in controlling the onset of the disease, thus, obtaining a homogenous experimental group to observe cellular and molecular mechanisms or test possible treatments.
Induced glaucoma models
To create the proper conditions for controlled experiments, induced glaucoma models have been developed over the decades. These models have provided the ability to examine both the onset and the pathological progression in a controlled, reproducible manner.
Non-human primates
The earliest models of induced glaucoma were developed in non-human primates. The idea to induce elevated IOP via intraocular injections of the proteolytic enzyme alpha chymotrypsin was initially developed following cataract surgery in humans (Kalvin et al., 1966) . Alpha chymotrypsin, however, produced highly variable IOP responses depending on the doses and region of the eye into which it was applied. These initial experiments suggested that the substrate underlying IOP elevation in this primate model primarily resided in the posterior chamber, and that the drug has direct, dose-dependent degenerative effects on the neural retina and vasculature. Observed atrophy of the ciliary body associated with the corneal lesions and dislocation of the lens in the presence of alpha chymotrypsin suggested that the most likely cause of elevated IOP in this primate model is blockage of the anterior chamber drainage channels by drug-induced lysates of the ciliary body (Lessell & Kuwabara, 1969) .
In an attempt to overcome the difficulties associated with the alpha chymotrypsin model and to develop a primate model more analagous to human primary open glaucoma, Gaasterland & Kupfer (1974) developed laser induced scar formation of the trabecular meshwork (TM) using a gonio lens and a slit lamp equipped with an Argon laser. This model became the gold standard for laser-induced glaucoma in non-human primates. Quigley and Hohman (1983) investigated different combinations of laser treatment duration, power, and number of application spots. Recently, the use of laser to generate pressureinduced experimental glaucoma in non-human primates was implemented with a highpower diode laser (Wang et al., 1998) . The use of the laser technique requires access to skilled personnel with highly specialized ophthalmic equipment. Following a trabeculoplasty with Argon laser in humans and nonhuman primates, there is a temporary increase in IOP, which seems to be caused by the formation of fibrin meshes obstructing the spaces of the trabecula. In non-human primates, there is an additional fixed midriasis probably due to the damage suffered by the ciliary nerves. In some non-human primate cases, large fluctuations in IOP mandate repeated laser sessions to sustain high pressure, causing severe inflammation in the ocular globe and trabecular alterations that preclude pharmacological studies. In spite of these difficulties, non-human primates have been broadly used for improving clinical indicators of initial optic nerve damage in glaucoma. To circumvent the negative effects of the laser techniques, other methods were explored to elevate IOP. Quigley and Addicks (1980) injected autologous fixed red blood cells or ghost blood cells into the anterior chamber of the monkeys, but this method did not allow the visualization of the ocular fundus. The injection of latex microspheres into the anterior chamber of the rhesus monkey eye introduced a new, inexpensive technique. The microspheres do not induce ocular inflammation and do not compromise visibility of the optic disc necessary for clinical assessment of disease onset and progression (Weber & Zelenak, 2001) . Our group obtained reliable results by modifying this method by injecting hydroxyproopylmethylcellulose added to the microspheres in rats and in pigs (Urcola et al., 2006; Ruiz-Ederra et al., 2005b) . Non-human primate models of induced glaucoma are useful for understanding human glaucoma. These studies can evaluate RGC density from standard clinical perimetry. Examination of the retina, trabecular meshwork, lamina cribosa, and optic nerve head has been well reviewed, as has the improvement of non-invasive assessments of glaucoma onset and progression through in vivo measurements of neural structure and function (Weber & Viswanathan, 2008) .
Pigs and minipigs
Though non-human primates make excellent animal models for studying human disease, ethical and economical factors negatively affect their availability. The pig model is more accessible than non-human primates in addition to being phylogenetically close to humans. The pig eye/retina shares many similarities with that of the human (Ruiz-Ederra et al., 2005a; Ruiz-Ederra et al., 2005a) . The retina is more similar to the human retina than that of other larger mammals such as the dog, goat, cow, or ox (Prince et al., 1960) . In minipigs, the central venous ring is formed by various vessels and occupies the center of the optic disc, making visualization of the lamina cribosa more difficult than in humans (Galdos et al., 2011a) . The pig has recently been used to genetically reproduce a retinitis pigmentosa condition similar to one found in human (Li et al., 1998) . The diagnostic tools, such as optical coherence tomography, corneal topography imaging or multi-focal electroretinography can be applied to the pig, supporting its use as an excellent model for diseases of the eye (Vecino et al., 2011) . Image analysis of the porcine retina has been characterized well (Lalonde et al., 2006) and is useful in developing human transplantation experiments (Klassen et al., 2008) . The pig retina has been extensively studied. We have characterized three classes of RGCs (small, medium, and large) based on soma size (Garcia et al., 2002) , and, in a detailed study of pig RGC topography, revealed that the distribution of the three classes is very similar in the porcine and human retina. This similarity may help elucidate the mechanisms implicated in the selective death of large RGCs generally accepted to be differentially vulnerable in human and experimental glaucoma (Glovinsky et al., 1991; Ruiz-Ederra et al., 2005a) . We have found that porcine Müller cells in vitro secrete neuroprotective factors that facilitate the survival and axonal growth of large RGCs (Garcia et al., 2002) . We have further described expression patterns of neurotrophins and their receptors in different RGC types in vivo and in vitro, suggesting that the expression of most of the molecules studied was preserved after either dissociation or regeneration in vitro (Garcia et al., 2003; Vecino, 2008b; Vecino, 2008a) . We have described the similarity of the two classes of astrocytes in the adult human and pig retina in terms of their expression of the high affinity neuronal growth factor receptor TrkA (Ruiz-Ederra et al., 2003) . The comparative description of the three neurofilament subunits were considered when describing the similarities between RGCs from human and pig (Ruiz-Ederra et al., 2004) . Considering the similarities between the porcine and human retinas, we used episcleral vein cauterization described by Sharma's group to induce elevation of IOP in the pig and minipig. Similarly, we used the injection of latex fluorospheres into the anterior chamber (Ruiz-Ederra et al., 2005b) to induce glaucoma in pigs and minipigs (Fig. 2) . The use of minipigs facilitated the experiments because these animals are easy to handle and grow slowly (www.minipig.com). Glaucoma was identified by the presence of elevated IOP, altered eye fundus morphology, and RGC loss (Ruiz-Ederra et al., 2005a; Galdos et al., 2011a; Galdos et al., 2011b) . Animals were kept for 21 weeks with up to a 1.4-fold increase of IOP in the operated eye versus the control fellow eye. Several factors that implicated in glaucoma etiology and development were analyzed in the pig and minipig models. 
Angiographic and fundoscopic changes
The minipig model of chronic, open-angle glaucoma induced by episcleral venous cauterization presented no angiopathic changes after elevation of the IOP. Therefore, neither surgery with episcleral vein cauterization nor elevated IOP induced changes in the chorioretinal circulation. However, displacement of the vessels in the optic disc reflected significant differences in the neuroretinal ring that were also observed in humans with primary open angle glaucoma (POAG). In minipigs with experimental glaucoma, some arterioles were nasally displaced and incurved medially once outside of the optic disc. In minipigs, the central venous ring is formed by various vessels and occupies the center of the optic disc, making visualization of the lamina cribosa more difficult than in humans (see Fig. 1 , Galdos et al., 2011a) .
Molecular and ultrastructural changes of the trabecular meshworks
Increased resistance to aqueous humour outflow is generally accepted as a predominant risk factor for increased IOP in glaucomatous eyes. To date, neither the associated structures nor the pathophysiology of this increased resistance is well understood. In the pig model of glaucoma, we have reported the expression of the endothelial leukocyte adhesion molecule 1 (ELAM-1), which was identified as the first molecular marker for glaucomatous trabecular meshwork cells in humans (Wang et al., 2001) . ELAM-1 was expressed by trabecular meshwork cells in eyes with various types of glaucoma, but not in non-glaucomatous controls. ELAM-1, also known as E-Selectin, is a 115 kDa cytokine endothelial cell surface glycoprotein that mediates the adhesion of neutrophils, monocytes, eosinophils, NK cells, and a subset of T cells to activated endothelium (Bevilacqua et al., 1989) . Based on our previous findings in the porcine trabecular meshwork, we propose that induced glaucoma begins when cauterization of three of the four episcleral veins produces a decrease in outflow of aqueous humor, leading to altered drainage in the front of the eye and subsequent elevation of IOP. The elevation of IOP induces ELAM-1 expression at the anterior chamber as a response to cellular stress (Suarez & Vecino, 2006) . The finding that ELAM-1 is upregulated in the outflow pathway in pig and human experimental glaucoma will undoubtedly promote further studies about its treatment. The induction of glaucoma by increasing the post-trabecular resistance to aqueous outflow allows the observation of ultrastructural changes in the trabecular meshwork secondary to increased IOP without chemically or mechanically changing the TM cells. The Goِ ttingen minipig has a system with multiple vessels of the angular aqueous plexus contrasting with the unique Schelm's Canal of primates. In experimental eyes, ultrastructural differences were observed in the sub-endothelium of the inner wall of the juxta canalicular vessels, corresponding to the cribriform region in humans. Secondary ultrastructural changes in the optic disc in animals with induced elevation of IOP were noted. In the animals that presented statistically significant chronic increase of the IOP and were then subject to ultrastructural analysis, changes were observed in vessels at the subendothelial region. The differences detected included: greater amounts of fibrillar material and elastic-like (EL) fibers, a smaller number of empty spaces (ES) and larger cisternae of the endoplasmic reticulum (ER) filled with electron-lucent material. Both in control and glaucomatous eyes, pores were observed in both the deepest and the most superficial vessels, although, pores were only present in the inner wall of the latter. Similarly, giant vacuoles were found in both the deepest the most superficial vessels, and could be seen in both the inner and outer wall of the vessels of the angular aqueous plexus. We did not observe consistent differences in the number of vacuoles or pores in the inner and outer walls of the vessels of the angular aqueous plexus (Fig. 3) (Galdos et al., 2011b) . Nevertheless, our findings suggest that the increase in IOP alone induces changes in the cribriform region. The increase in IOP seems to be a factor that increases the mechanical pressure on the subendothelial cribriform and juxtacanalicular cells. This pressure leads to a secondary release of stress factors, inducing changes in the extracellular matrix, that results in an increased resistance to the aqueous humor outflow, a mechanism that has been suggested by other authors as well. These morphological changes secondary to increased IOP would explain the progressive nature of this disease, characteristic of elderly people and requiring increasingly aggressive treatment. On the basis of the results of this study, we suggest that the origin of POAG may initially be associated with an increase of the post-trabecular resistance to aqueous humor outflow and, subsequently, the increase in the IOP may cause changes in the trabecular meshwork. We cannot rule out that the changes start originally at the trabecular level in susceptible individuals, in whom peaks in lifelong physiological variations in IOP are sufficient to cause secondary changes in the cribriform region of the trabeculum. We propose that the obstruction of the trabecula could sometimes be the effect and not the cause, thereby initiating a vicious cycle that culminates in the chronic disease of glaucoma (Galdos & Vecino, 2011b) .
Retinal ganglion cell death
IOP elevation led to RGC loss, which was significant in peripheral regions of the retina (the mid-peripheral retina). A greater loss of RGCs in the peripheral retina in monkey and rat models of experimental glaucoma has previously been reported (Laquis et al., 1998; Vickers et al., 1995) . A more detailed analysis revealed that regions located in temporal quadrants showed a greater loss of RGCs (Ruiz-Ederra et al., 2005a) . This finding correlates with previous reports of greater loss of visual function and RGC loss from temporal compared with the nasal human retina (Fortune et al., 2002; Garway-Heath et al., 2002; Takamoto & Schwartz, 2002) . Moreover, we observed an increase in the mean area of RGC somata in those regions of the retina that presented significant RGC loss. The same phenomenon has been reported in a rat episcleral vein cauterisation glaucoma model, suggesting that the increment of RGC soma size intrinsically linked to soma density was probably a compensatory response to cell loss (Ahmed et al., 2001) . It is possible that the remaining RGCs are stimulated to occupy the vacated areas after RGC death, increasing their soma area and/or dendritic field, as described by other authors (Perry & Linden, 1982; Kirby & Chalupa, 1986) . The similarities in glaucomatous changes in the minipig model of POAG and human POAG are necessary for the translation of an effective animal model to understand the human disease.
Corticosteroid model in rabbits
The use of corticosteroids to increase IOP as an effective model for glaucoma began in the 1960s. Many studies since have reported variable results. Beatty et al. (1984) found that topical steroid application produced dose-related increases in IOP in albino rabbits and humans, whereas Payne et al. (1990) noted that verapamil, diltiazem and nifedipine had no effect on IOP in rabbits. The corticosteroid-induced glaucoma mimics human chronic open-angle glaucoma. In contrast to most of the induced experimental models for glaucoma, corticosteroid glaucoma is also observed in ophthalmological practice after topical, periocular or systemic administration of corticosteroids, strengthening the parallel between the animal and human disease. It is important to remember that steroids can cause undesired secondary effects including cataracts and the accumulation of cellular debris at the trabecular meshwork. The increase in IOP is variable between species. Rabbits have been a common animal used by the pharmaceutical companies to test drugs; however, IOP measurements are difficult to standardize because the rabbit eye dries variably depending on the stress of the animal. In addition, the rabbit retina is partially myelinated by oligodendrocytes not present in human or other mammalian retina. Taken together, these reasons make the steroids treatment, as well as the rabbit, a sub-optimal model for studying glaucoma.
Rats and mice
Much of the progress in the study of glaucoma has been driven by the development of rat models. These animals offer advantages in economics and husbandry in addition to presenting fewer ethical restrictions. In 1995, the group of Dr. Sharma developed the cauterization of episcleral veins in rats as a model for obtaining chronically high intraocular pressures . This model protects the trabecula structure, and it does not affect the ciliary nerve as the laser model does. In addition, elevated IOP can be maintained for up to 6 months (25% of a rat's lifetime). This animal model has allowed pharmacological trials of pressure-reducing and neuron-protecting drugs of different combinations and concentrations before subsequent studies in larger animals and clinical trials in humans. In this context, rats are making an enormous contribution to anti-glaucoma research. Also in 1995, the group of Dr. Sharma described, for the first time, the death of RGCs following a pattern or program known as apoptosis . This pattern involves cleavage enzymes known as caspases, which can conversely confer neuroprotection if inhibited at a specific time of the damage-inducing process. The main advantage of the rat as an animal model is that it can be generated in high numbers, so that many pharmacological tests can be performed simultaneously, but the small size of the rat eye limits its use in some areas of ophthalmology. The use of the episcleral vein cauterization model of glaucoma has been the most commonly used method to induce glaucoma since its inception . The method is less invasive than laser photocoagulation and induces no complications in the anterior chamber. Its efficacy and accessibility led to an explosion of research, and the majority of the molecular and functional studies in the experimental glaucoma field have used this method. Other rat models for induced glaucoma have emerged. A few years after the episcleral vein cauterization was published, a hypertonic saline solution injection to the episcleral veins was developed as a variant (Morrison et al., 1997) . The objective of this method was also to increase the IOP by reducing the drainage of the aqueous humour. One disadvantage of this method is that sequential hypertonic saline injections are needed to maintain chronic, elevated IOP (Ruduzinski & Saragovi H.U., 2005) . Laser energy has been employed in rats as a tool to perform burns directed at the trabecular meshwork alone (Ueda et al., 1998) and episcleral veins (Levkovitch-Verbin et al., 2002) . To compare the effects of IOP elevation on ganglion cell size and death, we used three experimental glaucoma models in rats: (i) injections of latex microspheres into the anterior chamber of the eye (ii) injections of microspheres and hydroxypropylmethylcellulose into the anterior chamber, and (iii) cauterization of three episcleral veins. A significant increase in IOP was found following each of the three methods (Urcola et al., 2006) . Thirteen to 30 weeks later, RGCs were retrogradely labelled with fluorogold. Cell death was evident in the glaucomatous eyes when compared with controls, but no statistically significant effect was observed on the extent of cell death. The present results indicate that in animal groups subjected to the injection of microspheres alone and microsphres together with hydroxypropylmethylcellulose, nine and six injections, respectively, are necessary to achieve sustained, elevated IOP. The number of microsphere injections necessary to induce sustained, elevated IOP in rat is similar to that which has been reported for the monkey (Weber & Zelenak, 2001) . Regarding episcleral vein cauterization, we observed IOP elevation more constant for at least 24 weeks as compared with the other two experimental glaucoma methods tested (Urcola et al., 2006) . Similar results were observed when the three methods were compared in pigs (Ruiz-Ederra et al., 2005b) . Recently, it has been reported the induction of elevation of IOP in rats by using injection of magnetic microspheres to induce the same effect of the latex micropspheres but in this case the microspheres could be directed by an handheld magnet (Samsel et at., 2011) . Due to the small size of the mouse eye, injection of the latex microspheres (Fluo-Spheres, Molecular Probes) into the anterior chamber of mice has become a popular method to induce increase IOP. Authors that now use the spheres to increase IOP in rats and mice (Sappington et al., 2010) use the term "microbeads occlusion model" to refer to the same model that Urcola et al. published in 2006 in rats and Ruiz-Ederra et al., 2005b published in pigs.
To determine the effects of elevated IOP following episcleral vein cauterization, a detailed analysis of 15 different molecular markers was conducted for the different retinal cell types at different time points. The changes observed in the distribution of the immunoreactivity in the hypertensive rat retina were more severe in the inner retina than in the outer retina, especially in the AII amacrine cells. To our knowledge, we described for the first time that the rod bipolar cells pathway was also damaged in the hypertensive eye, as evidenced by changes in anti-PKC-α antibody. Changes in bipolar cells are not surprising when one considers that the RGCs lose their presynaptic connections. It is possible that the changes noticed may represent a plasticity mechanism in neuronal circuitry (Hernandez et al., 2009) .
Transgenic mice
The appearance of the DBA/2J mouse, which develops a progressive increase in IOP leading to the death of retinal ganglion cells (John et al., 1998) resulted in a large amount of studies to establish the existence of homologies related to glaucoma in humans. The increase in IOP in these animals appears at 8 months of age, and the pressure remains chronically high until death. The limiting factors of these studies include the small globe and the absence of lamina cribosa. This animal model of spontaneous, chronic, high IOP is suitable for studying the causes of this pathology. However, with the exception of the DBA/2J mice, animals with glaucoma are difficult to obtain, especially at similar stages of pathology. More recently, other transgenic mouse models have emerged, including one with a targeted mutation in the gene for the alpha-1 subunit of collagen type 1, which demonstrates a gradual elevation of IOP and progressive optic nerve axon loss (Mabuchi et al., 2004) . Another mouse, deficient in the glutamate transporters Glast or Eaac1, demonstrates retinal ganglion cell death and optic nerve degeneration without elevated IOP (Harada et al., 2007) . The transgenic mouse expressing a mutant form of human myocilin protein has also been characterized (Senatorov et al., 2006; Zhou et al., 2008) . Finally, mutations affecting a serine protease (PRSS56) cause a mouse phenotype resembling closed-angle glaucoma (Nair et al., 2011) . Just as progress in glaucoma diagnosis has been linked to developments in technology, progress in glaucoma treatment has been linked to the development of effective animal models. By using these animal models, we hope to continue the processes of glaucoma prevention as well as treatment.
Mechanism
Procedure Species Reference
Ghost red blood Monkey (Quigley & Addicks, 1980) Human (in vitro) (Benson et al., 1983 ) Viscolastic
Rabbit (Torngren et al., 2000) Monkey (Weber & Zelenak, 2001) 
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